Experimental investigations were carried out to develop economic production process of cellulase using coconut mesocarp as an inexpensive lignocellulosic inducer while replacing commercial cellulose. Cellulase production was initially investigated from commercial cellulose in different submerged conditions using Trichoderma reesei (MTCC 164). Maximum enzyme production was achieved 6.3 g/l with activity level 37 FPU/ml in the condition where cellulose to water content ratio was maintained at 5:35 (W/V). To achieve similar maximum production of cellulase from coconut mesocarp, response surface methodology was implemented to optimize most influencing parameters. Most influencing nutritional parameters such as coconut mesocarp, glucose and peptone were optimized in the concentration ranges of 35 g/l, 35 g/l and 25 g/l, respectively. Selecting optimized parameter values, fermentations were conducted inside the fermenter with 2 L operating volume to ensure high concentration and activity profiles of enzyme. Enzyme concentration was achieved 7.20 g/l after 96 h of batch fermentation with specific activity levels of 42 FPU/ ml and CMCase 75 U/ml. Enzyme concentration was further improved to 9.58 g/l with activity levels of 54 FPU/ml and CMCase 93 U/ml by adopting sequential feeding of coconut mesocarp in fed-batch fermentation mode. The presence of pure cellulase in the sample was confirmed by FTIR analysis.
Introduction
To deal with the future energy demand with increasing population and industrialization, concept for conversion of "waste to energy" has been prioritized in most of the developed countries. Among the diversified waste materials, lignocellulosic biomass in the form of plant wastes has been largely explored as a potential biorefinery resource for production of renewable energy. Worldwide annual production of plant dry material in the form of lignocellulosic waste was estimated around 100 billion tones (Sajith et al. 2016) which makes lignocellulosic waste as suitable and abundant feed stock for production of value-added products such as bio-ethanol, xylitol, and carboxylic acids. Among lignocellulosic wastes, coconut mesocarp got very little attention and normally been burned as fuel for different purposes. Air emission from such burning process is not only threat for public health but also related to the wasting of natural resources. Coconut mesocarp is considered as a potential feed stock for production of value-added products including bio-ethanol due to the presence of high content of cellulose (43.4%) and hemicellulose (19.9%) (Miftahul Jannah and Asip 2015) . Across the world, 200 countries involved in the cultivation of coconut and global production of coconut was estimated around 55 million tons in 2009 (FAO). Mainly Philippines, Indonesia, India and Brazil are the four largest producer countries of coconut and while producing 11,930,000 metric tonnes of coconut in 2014, India got the third position (FAOSTAT Data 2016) .
Bioconversion of valuable chemicals from lignocellulosic biomass requires combined pretreatment processes and catalytic degradation of that substrate. Among the two methods of catalytic degradation: acidic and enzymatic, enzymatic 1 3 402 Page 2 of 13 hydrolysis comes up with better saccharification efficiency with maximum sugar extraction (Rana et al. 2014) . Hazardous and non-recyclable nature of acids restricts its application from large-scale industrial use. Meanwhile, lower reaction rates and expensive nature of high enzymatic dosages saccharification processes are considered as main bottlenecks for biorefinery (Li et al. 2016) . The drawback associated with the expensive nature of enzymatic saccharification process could be overcome through the onsite production of enzymes from inexpensive and abundant carbon sources rather than using commercial cellulose as substrate (Yang 2007; Rana et al. 2014) . For more than five decades, Trichoderma reesei has been the prime focus of research for production of such selected cellulase enzymes in the form of cocktail (Hasunuma et al. 2013) . The cellulolytic enzymes extracted from T. reesei are most efficient for hydrolysis and conversions of lignocellulosic biomass to fermentable sugars. In addition to cellulases, Trichoderma species are also capable to produce xylanases. Cellulolytic machinery and genome of Trichoderma species specifically T. reesei has been most widely studied. Ten cellulose-and 16 hemicellulose-producing genes were identified from its genome (Martinez et al. 2008) . Although from 1960s, the cellulase has been mainly used in food, pulp, paper, textile industries and even pharmaceutical industries (Kataria and Ghosh 2011) but it was less exploited in the hydrolysis process of plant-based lignocellulosic material to produce value-added products (Kataria and Ghosh 2011) . For production of such selected cellulase enzymes, ideal interaction between microorganism and lignocellulosic substrate material is the most fundamental criteria during fermentation. To facilitate such condition, suitable pretreatment strategies of such native lignocellulosic material play a vital role. Comparing all advanced pretreatment techniques for breaking down the crystalline structure of lignocellulosic material, liquid hot water (LHW) techniques are considered most economic (Zhuang et al. 2016) . At elevated temperature (160-240 °C), liquid hot water shows acid-base catalytic property to cleave ester bonds and it necessities addition of no other chemical (Zhuang et al. 2016) in the same process. Among low-energy-demanding pretreatment process, sodium hydroxide treatment is more susceptible towards production of low toxic compounds during disruption of lignin barrier and can effectively reduce crystallinity of lignocellulosic material (Kataria and Ghosh 2011) . Hence, combined pretreatment strategy consisting of LHW treatment followed by sodium hydroxide treatment definitely promotes maximum delignification by breaking down cross-linking ester bonds made by lignin and increases internal surface area of lignocellulosic compounds.
Submerged fermentations (SmF) have been traditionally used for the production of industrially important enzymes due to better control over environmental factors such as temperature, nutrient gradient and pH, more specifically in bioreactor (Howard et al. 2003; Singhania et al. 2010 ). Controlling such parameters are considered as the biggest drawback of solid-state fermentation (SSF) (Singhania et al. 2010) although SSF comes up with higher yield of enzymes while providing suitable growth environment and conditions in which filamentous fungi can naturally adapt (Cunha et al. 2012) . Several submerged fermentation (SmF)-based studies have been successfully conducted for the production of cellulase using T. reesei from substrates such as wheat bran, lactose and kans grass (Sateesh et al. 2012; Rana et al. 2014; Li et al. 2016 ). For conducting a new research using same genus but different species, it is still necessary to identify in which condition (SmF or SSF) the strain performs optimally well for enzyme production from an unknown substrate. Submerged batch process is the widely used method for cellulase production; however, higher yields of cellulase productions have been claimed through fed-batch techniques (Belghith et al. 2001; Ximenes et al. 2007 ). Fed-batch technique is also effective to reduce the negative effects of catabolic repression and viscosity (Esterbauer et al. 1991) .
Supplementation of commercial cellulose in production media can definitely be fruitful for production of higher concentration of cellulase but the process will be economically non-favorable. In this article, such commercial cellulose powder was utilized first for maximum production of cellulase while varying water content in submerged fermentations to know specifically the better environmental condition and adaptability of T. reesei (MTCC 164) . Such suitable environmental condition was optimized by design expert statistical software for improved production of cellulase from coconut mesocarp-based lignocellulosic bio-waste material. Finally, fed-batch fermentation strategy was developed with response surface-optimized conditions for enhanced production of cellulase. Previously, a significant number of studies were conducted specifically for bio-ethanol production from coconut mesocarp-based substrate (Gonçalves et al. 2014 (Gonçalves et al. , 2016 Miftahul Jannah and Asip 2015; Avelino et al. 2015; Soares et al. 2016; Cabral et al. 2016; Ebrahimi et al. 2017) ; however, no cellulase production study was reported from such highly abundant lignocellulosic bio-waste material.
Materials and methods

Mesocarp separation from coconut
Dried coconut fruits without the liquid albumen (coconut water) were collected from different hotels of Karunya Nagar, Coimbatore, where the materials were initially brought as waste fuel material in huge amount. Manual extraction of such fruit mesocarp was carried out with a stainless steel knife and biomass size was further reduced to few mm by a cizer cutter. Mesocarp material is then ground in powder form using ball mill and screened through 20-mesh (0.841 mm) standard sieve prior to pretreatment. The raw material was washed five times with distilled water for the removal of residual compounds and it was dried at 105 °C in a hot air oven to reduce the moisture content. The material was stored in zipper plastic bags and placed in a refrigerator at 4 °C for future use.
Pretreatment processes for delignification
Liquid hot water treatment is considered as most efficient pretreatment method which is capable to cleave the ester and other bonds of lignocellulosic material while having both acid-base catalytic property and can efficiently liberate ferulic acid residue, lignin fragment and carbohydrate. The LCMs (lignocellulosic materials) were mixed with water at a ratio of 1:20 solid/liquid (V/W). The treatment temperature was maintained at 210 °C for 20 min. After such pretreatment, water-insoluble solids (WIS) and prehydrolysates can be separated by filtration. Such WIS was stored at 4 °C for future use. Liquid hot water treatment has been evolved as most promising techniques which can generate complete sugar recovery while utilizing a low capital investment (Menon and Rao 2012; Loaces et al. 2017) . To achieve maximum delignification efficiency finally the solid residue was treated with NaOH. In this treatment procedure, 3 gm of liquid hot water-treated material (WIS) was further treated with 0.5% (W/V) NaOH where the samples were maintained at 180 °C for 40 min.
Analysis of delignification
Amount of total cellulose, hemicellulose content and total lignin removal (including acid-soluble lignin and acid-insoluble lignin) ware measured using National renewable Energy Laboratory (NREL) standard protocol (Sluiter et al. 2008) . As the total amount of lignin was gradually removed from LCM, the crystallinity of the material was also reduced. To analyze that, surfaces of untreated and pretreated LCM at different conditions were examined by scanning electron microscopy (SEM by NanoSEM 200). During that process, samples were covered by a gold layer and 15 kV voltages were applied.
Microorganism and its maintenance
Trichoderma reesei (MTCC 164) was purchased from MTCC Chandigarh. According to the MTCC procedure, the culture was maintained on potato dextrose agar at 4 °C. The mother culture was prepared and stored in a media composition of malt extract 20 g/l, dextrose 20 g/l, peptone 6 g/l and agar-agar 15 g/l of distilled water with pH 5.5.
Inoculum preparation for fermentation
Fungal spores (4 × 10 7 spores/ml) from 14-to 20-day-old solid plates were transferred to 50 ml inoculum medium composed of 5 g/l glucose and 10 g/l yeast extract. To develop the adaptability of microorganism in lignocellulosic environment, the medium was supplemented with 1 g/l cellulose powder. The inoculum culture was developed by incubating it at 28 °C and at 150 rpm in 250-ml conical flask for 48 h.
Submerged fermentations using commercial cellulose
The composition of basic nutrient solution used for all the experiments was 0.3 g/l of Urea, 1.4 g/l of (NH 4 ) 2 SO 4 , 0.4 g/l of CaCl 2 , 2H 2 O, 2 g/l of KH 2 PO 4 , 0.3 g/l of MgSO 4 , 7 H 2 O, and 1 g/l of peptone, including mineral salt solution with composition of 0.1% of tween-80, 0.005 g/l of FeSO 4 ,7H 2 O, 0.016 g/l of MnSO 4 ,H 2 O, 0.014 g/l of ZnSO 4 , 7H 2 O, 0.002 g/l of CoCl 2 , and 6H 2 O. Now for the variation of different water content in submerged fermentation experiments (semisolid to submerged fermentation), five sets of experiments, namely T 1 -T 5 , were conducted with commercial cellulose powder. In experiment T 1 , 30 g/l of cellulose, 30 g/l of glucose, and 20 g/l of peptone were added for the requirement of 210 ml final media volume in 150 ml of distilled water. The final volume of the solution was maintained at 210 ml while adding 60 ml of basic nutrient solution. In experiment T 2 , 15 g/l cellulose, 5 g/l lactose, 5 g/l glucose, and 5 g/l peptone were added directly in 90 ml of nutrient solution. In experiments T 3 -T 5 , 2 g/l lactose, 2 g/l glucose, and 2 g/l peptone were supplemented and the ratios of commercial cellulose with water content were maintained at 5:24 (W/V), 5:16 (W/V) and 5:8 (W/V). To maintain such water content in all those experiments (T 3 -T 5 ), 5 gm of cellulose powder was mixed with 24 ml, 16 ml and 8 ml of nutrient solutions, respectively. All the solutions were prepared in different 500-ml conical flasks, pH of the solutions was maintained at 6.0 and finally all the flasks are autoclaved at 121 °C for 15 min prior to inoculation. Inoculum volume was maintained 10% (V/V) of working volume of the reaction. Fermentations were carried out with an agitation rate of 150 rpm at 30 °C for 7 days.
Submerged fermentation using coconut mesocarp
While considering the suitable condition (T 1 ) for cellulase production from commercial cellulose substrate, media composition for same enzyme production from coconut mesocarp-based substrate was optimized with the help of Design Expert software (version 8.0.4), response surface methodology (RSM). Three most influencing factors which were optimized for submerged fermentative production of cellulase were (a) coconut mesocarp (b) glucose and (c) peptone. The upper limit (+ 1) and lower limit (− 1) of the factors are shown in Table 1. 2 n -factorial central composite design (CCD) was developed using Design Expert software (version 8.0.4), which leads to total 20 numbers of experiments with different combinations of the selected variables. All experiments were carried out in 500-ml conical flasks at 150 rpm, 30 °C temperatures for 7 days. For every experiment, inoculum volume was maintained at 10% (V/V). Optimal concentrations of the variables were obtained by the regression and graphical analysis.
Separation of cellulase and determination of its activity
After fermentation, broth was filtered and centrifuged at 10,000 rpm for 5 min to separate enzyme-containing liquid. At that time enzyme concentration was determined. Finally, the broth was lyophilized to concentrate the enzyme solution in powder form and it was stored at − 20 °C for future use. For lyophilization, Labconco lyophilizer Freezone, 2.5 plus, US, was used. Before the analysis of enzyme activity, 4 gm of such crystalline enzyme was dissolved into 50 ml of citrate buffer (0.05 M) at pH 4.8. The process is represented in Fig. 1 . For semi-solid culture conditions like T 3 -T 5 , 50 ml of 0.05M citrate buffer (pH 4.8) was added directly in the conical flasks and the conical flasks were maintained at 150 rpm for one more hour. After that the solution was centrifuged at 10,000 rpm for 5 min to separate the solid biomass and suspended solids. Finally enzyme concentration and its activity levels were determined for such semisolid cultures. Specific growth rate of biomass (µ) was calculated based on the graphical plotting between logarithmic ratios of individual biomass weight (ln X f /X 0 ) with different time intervals (t). Here X 0 denotes initial total biomass weight and X f denotes total final biomass weight at time t. As for fungal species, separating fungal biomass from insoluble remaining substrates is difficult; relative increase of total solid mass due to fungal biomass growth was considered for such logarithmic growth analysis. Total protein concentration was determined by Lowry's method (LOWRY et al. 1951) . Enzyme concentration was expressed in terms of total protein concentration and its activity levels were determined by performing filter paper assay and carboxymethyl cellulase (CMC) assay (Ghose 1987) . In filter paper assay, 0.5 ml of the enzyme was diluted in 1 ml of 0.05 M Na citrate buffer and Whatman No. 1 filter paper was added in that solution. The condition for the reaction was maintained at 50 °C for 60 min. FPU (Filter paper unit)/ml was determined by measuring the enzyme concentration which can release 2 mg of glucose (Ghose 1987) . Similarly, carboxymethyl cellulase assay was conducted by incubating 0.5 ml of diluted enzyme with 0.5 ml of 2% carboxymethyl cellulose substrate at 50 °C for 30 min. Carboxymethyl cellulase (U) unit was determined by analyzing enzyme dilution which can liberate 0.5 mg of glucose (Ghose 1987) . Produced glucose concentrations were estimated by dinitrosalicylic acid method (DNS) method (Miller and Miller 1959) .
Experimental equipment
Maximum cellulase production with predicted optimized condition was confirmed through batch-mode shake flask studies in triplicates. Finally, the same batch mode cellulase production with optimized condition was conducted in 3-l fermenter (Sartorius, Germany) equipped with pH, DO and temperature probe. The fermenter was fully automated and it was attached with thermostatically controlled water bath to maintain temperature and with a compressor for controlled aeration. For batch-mode enzyme production in fermenter, initially 1.5 L of media with optimized configurations was transferred inside the fermenter and 500 ml of basic nutrient solution was added to make the total operating volume 2 L. The fermenter was autoclaved separately and during 7 days of fermentation, temperature, agitation speed and inoculum volume were maintained at 30 °C, 120 rpm and 10% (V/V), respectively. For fed-batch cultivation in fermenter, fermentation was started with 1 L working volume (500 ml of main essential substrate concentration and 500 ml of basic nutrient solution). The compositions of essential substrates were maintained in 1 L primary volume according to the requirement of 2 L working volume except component-pretreated coconut mesocarp. 40 gm of pretreated mesocarp was added initially in that 1 L primary solution and after every 24 h of consecutive fermentation intervals, 500 ml of sterile solution containing 15 gm of coconut mesocarp was added for two times (at 24 h and 48 h) in that 1 L primary solution to maintain total 35 g/l of main inducer concentration in the media. Schematic representation of the overall experimental setup is presented in Fig. 2 . Samples from the fermenter were collected periodically at 24 h of intervals in aseptic condition with the help of sample collector. Every time, 100 ml of sample volumes was collected and they were initially filtered and centrifuged at 10,000 rpm for 5 min to separate enzyme containing solution. At that time enzyme concentration was determined. Finally, enzyme solution was lyophilized to concentrate it in powder form and 4 gm of such powder was dissolved into 50 ml of citrate buffer (0.05 M) at pH 4.8 before analysis of its activity levels.
Results and discussion
Pretreatment studies
High lignin content (about 40%) (Ebrahimi et al. 2017 ) makes structure of coconut mesocarp-based lignocellulosic substrate comparatively complex for further processing of fermentation. During the pretreatment process with liquid hot water, total 36% lignin (including acid-soluble and -insoluble lignin) was removed at the initial stage. The achieved result was comparatively better than the result (23.12% lignin removal) shown by Lv et al. (2013) during liquid hot water pretreatment of sugarcane bagasse. Finally, maximum amount of lignin and hemicellulose reductions achieved were 62% and 48.23%, respectively, from 0.5% (W/V) NaOH treatment at 180 °C for 40 min. Such combined pretreatment of liquid hot water followed by NaOH was also effective to retain more than 92% cellulose. Such final result in terms of total lignin removal was comparatively superior than the result (46.88%) obtained by Kim and Han (2012) where rice straw type of lignocellulosic material 5% (w/w) was treated with HPCSH (hydrothermal pretreatment catalyzed with sodium hydroxide) at 80 °C for 1 h. Even better achievement in terms of total lignin removal was also achieved in comparison with Rawat et al. (2013) where Populus deltoides-based lignocellulosic material was treated with HPCSH [2.8% (W/W) followed by NaOH treatment at 94 °C for 1 h and total 12.70% of lignin was reduced]. Just like the conclusion made by Ballesteros et al. (2006) , our experimental observations similarly suggest that high-temperature treatment is the main root cause for increased hemicellulose degradation. Our achieved result is also comparable with the result obtained by Kataria et al. (2013) , where 79.3% of total lignin was removed from kans grass-based biomass when it was treated with 2% NaOH solution for 90 min. In another study, Zhuang et al. (2016) clearly indicates that combined pretreatment of LHW followed by AA (aqueous ammonia) was effective to degrade 75.36% lignin from lignocellulosic material. Such comprehensive and comparative result analysis clearly indicates that total lignin removal is dependent on initial structural compositions of materials, efficiency of single or combined pretreatment methodologies, temperature, concentration and residence time for NaOH treatment. The SEM images of native (Fig. 3a) , LHW ( Fig. 3b) and LHW-NaOH-pretreated (Fig. 3c ) coconut mesocarp-based lignocellulosic substrate clearly indicate the chronological structural changes. SEM images of the LHW-pretreated and LHW-NaOH-pretreated samples clearly indicate that roughnesses of the fiber surfaces are different from untreated or native sample. Figure 3a shows highly ordered and intact surfaces of the fibers of native coconut mesocarp, whereas Fig. 3b , c specifies the changes in surface morphology, and specifically indicates modified structure with increased surface area. Those images clearly suggest that pretreatment was highly effective to increase the accessible surface area of cellulose through disordered fibers, altering particle size, wall porosity, degree of polymerization, lignin linkages and cellulose crystallinity.
Cellulase production using commercial cellulose substrate
To know the suitable operating conditions for enzyme production using T. reesei (MTCC 164) from commercial cellulose, five different sets of submerged fermentations were conducted with variation of total moisture content. The experiments were termed as T 1 -T 5 with decrease in the cellulose to water content ratios of 5:35 (W/V), 5:30 (W/V) 5:24 (W/V), 5:16 (W/V) and 5:8 (W/V). Surprisingly, the trends of cellulose enzyme productions after seventh day of fermentations were decreasing with decreasing water content ratios. Maximum cellulase production in terms of total soluble protein concentration was measured 6.3 g/l in T 1 experimental condition. The corresponding maximum enzyme activity level of 37 FPU/ml was observed in T 1 condition where as it was reduced to 2.96 FPU/ml at T 5 experimental condition. The variations in total enzymatic concentrations and their activity levels with different experimental conditions are represented in Fig. 4 . The variations in total soluble protein concentrations from T 3 to T 5 were not that much significant. Maximum CMCase activity was measured 72.32 U/ml in T 1 operating condition and similarly this activity level of the enzyme decreases in experimental conditions with reducing moisture content. In T 1 Fig. 3 Scanning electron micrograph (SEM) of a native b LHW-pretreated and c LHW-NaOH-pretreated coconut mesocarp (magnification: ×1000) submerged operating condition, major process parameters such as temperature, agitation and pH (Hansen et al. 2015) are efficiently controlled throughout the process and it finally shows larger effect on microbial growth rate and product formation. Better control of such parameters can successfully overcome heat and mass transfer limitations, whereas effects of such limitations are clearly visible in T 4 and T 5 operating conditions. Along with better control of process parameters and moisture content, other most important parameters such as concentrations of peptone and glucose influences in cellulase production processes. Peptone acts as a natural source of amino acid and proteins, and its utilization largely affects in microbial growth rate, shorten culturing time, rate of product formation and product yield. On the other side, glucose acts as a basic carbohydrate source and it plays a central role to regulate initial fungal growth and its metabolism. As peptone concentrations and glucose concentrations are also varied along with decreasing water content from 20 to 2 g/l and 30 to 2 g/l, respectively, it exhibits maximum influence in enzyme concentrations and its activity levels. Kataria and Ghosh (2011) clearly defined from their submerged fermentation-based studies that cellulose acts as a most effective substrate among glucose, lactose and xylose for production of cellulase with its enhanced activity levels.
In their study, CMCase activity was determined as 0.523 U/ ml at pH 6 and temperature 30 °C where as the activity level increased to 1.46 U/ml at pH 5 and temperature 28 °C. At the same temperature and pH, filter paper units (FPU) was calculated as 1.14 FPU/ml. Bendig and Weuster-Botz (2013) clearly reported cellulase production with FPU level of 4.88 FPU/ml from T. reesei RUT-C30 using microcrystalline cellulose. Rana et al. (2014) maintained similar experimental condition during medium formulation while adding 50 ml of nutrient solution with 150 ml of essential nutrient solution and the estimated filter paper activity of the produced enzyme was 4.49 FPU/ml. With respect to enzyme concentration, variations in enzyme activity levels in terms of FPU for all T 1 -T 5 operating conditions are more prominent in Fig. 4 . Enzyme activity levels (FPU/ml and CMCase U/ml) achieved in our T 1 operating condition were far better than other operating conditions. In T 1 submerged condition, enzyme solution was properly separated, concentrated and purified in powder form by lyophilization technique. Some volatile components which can be produced during fungal cultivation can be removed through such lyophilization technique (Ito et al. 1990) , whereas the presence of such impurities influences in substrate conversion efficiencies for T 3 -T 5 operating conditions and finally FPU levels for such enzyme solutions decreases.
Cellulase production using coconut mesocarp
From previous experimental observations, cellulose, glucose and peptone are considered as most influencing parameters among variety of nutritional parameters for submerged fermentative production of cellulase by T. reesei (MTCC164). Now the effects of those influencing parameters were optimized for cellulase production from coconut mesocarp-based lignocellulosic waste materials by response surface methodology (RSM), most efficient statistical tool for experimental analysis (Dey and Rangarajan 2017) . Experiments were designed based on the central composite design (CCD) which leads to total 20 numbers of experiments with variations of selected parameters and other parameters remained in the same level of T 1 experimental condition. In such designed experiments, commercial cellulose was replaced with pretreated and delignified coconut mesocarp-based lignocellulosic material. Experiments were conducted according to the design and results were incorporated in the response parameter position as it is represented in The value of adjusted determination coefficient (adj. R 2 = 0.9346) was within reasonable agreement with the predicted R 2 of 0.9278 which clearly indicates that the model was significant. The high significance and accuracy of the model was also conferred by the plot of predicted response values versus the actual experimental response values of cellulase production (Fig. 5) . As most of the points are clustering around the diagonal line, it signifies the better adaptability of the model to predict experiments. Individual and combined effects of nutrients such as pretreated coconut mesocarp, peptone and glucose on production of cellulase are clear from analysis of variance (ANOVA). Figure 6a demonstrates the combine effect of glucose and peptone in the production of cellulase. At initial peptone concentration of 15 g/l, as glucose concentration was increased from 25 to 35 g/l, there was a slight increase in cellulase production. But at higher glucose concentration of 35 g/l, gradual increase in peptone concentrations during experiments leads to maximum production of cellulase. Similar types of combine effects were observed for the parameters of mesocarp with peptone and mesocarp with glucose on cellulase production. Figure 6b reveals that at both low (25 g/l) and high concentrations (35 g/l) of coconut mesocarp-based lignocellulosic substrate, gradual increase of peptone concentration has very negligible effects on cellulase production. But even at lower concentration of peptone at 15 g/l, cellulase concentration was observed to increase rapidly with increasing concentration of lignocellulosic material. Similarly at lower and higher concentration ranges of lignocellulosic material, slight differences in cellulase production were observed with variations in glucose concentrations (Fig. 6c) . At 25 g/l of glucose concentration, maximum cellulase production was achieved little more than 4.65 g/l with increased (35 g/l) utilization of coconut mesocarp. The results clearly indicate that initial pretreatment of coconut mesocarp-based lignocellulosic material with maximum delignification and partial separation of hemicelluloses makes it highly suitable as a substitute for pure cellulose material. Hence, it became justified to replace pure cellulose with pretreated coconut mesocarp-based lignocellulosic material which acts as predominating inducer for enhanced production of cellulase. In design, the criteria were selected for mesocarp substrate as maximize and for both glucose and peptone materials as within range for optimized production of cellulase. The solution selected among suggested optimized results was coconut mesocarp-based substrate: 35 g/l, glucose concentration: 35 g/l, peptone concentration: 25 g/l and the suggested cellulase concentration was 5.80 g/l. The experiments were conducted in triplicates while following the same criteria of variables and the achieved cellulase production was 5.49 ± 0.12 g/l. The corresponding FPU level and CMCase activity levels of the produced enzyme were measured as 35 FPU/ml and 68.92 U/ml, respectively. The optimized concentrations of both peptone and glucose are selected in higher ranges as they largely affects in microbial growth rate, shorten culturing time, rate of product formation and product yield. Utilization of such substances in prescribed concentrations in laboratory scale production process may look little expensive but for industrial-scale production process of pure cellulase which costs around 126.7 US$/50 ml with concentration of 1.20 g/ml (https ://www.sigma aldri ch.com/ catal og/produ ct/sigma /c2730 ?lang=en&regio n=IN), it will be considered economical.
Enhanced production of cellulase through fermenter
Superior control of environmental factors such as temperature, agitation, nutrient gradient and pH in fermenter plays a most crucial role to achieve enhanced production of cellulase. Moreover, SmF-based fed-batch fermentation was already proved as most useful bioprocess engineering strategy for improved production of cellulase with reduced energy consumption (Hendy et al. 1984) . In our case, the same process plays most instrumental role to achieve better cellulase production with enhanced activity level. In batch fermentation mode, specific growth rate of the fungus inside the fermenter was calculated as 0.001 h −1 up to 48 h of time interval and it increased to 0.011 h −1 between 48 and 96 h of cultivation time. Due to filamentous, complex and non-homogeneous growth nature of fungus, the overall growth rate was appeared to be lesser than average bacterial growth rate. Sun et al. (2017) observed similar tenfold lower growth rate of soil fungal species in comparison with soil bacteria, whereas slightly higher fungal growth rate was observed up to 72 h of fed-batch fermentation mode and after that growth rate increases rapidly (Fig. 7) . Specific growth rate was observed maximum 0.027 h −1 in between 72 and 96 h of cultivation time. Similarly, cellulase production was improved in batch cultivation mode inside fermenter and enzyme concentration achieved was 7.20 g/l after 96 h of fermentation. The achieved concentration of cellulase was comparatively better than the concentration achieved in shaker flask under RSM-based optimized condition. In this process, specific cellulase activities were developed as 42 FPU/ml and CMCase 75 U/ml, respectively. Such batch-mode submerged cultivation of cellulase is considered comparatively more suitable than solid-state fermentation as longer duration of cultivation (2-3 weeks) under solid-state fermentation consequently limits cellulase production capacity and high probability of microbial contamination hinders its applicability, specifically in biofuel production process through simultaneous saccharification and fermentation process (Li et al. 2016) . Although submerged fermentation is considered as energy intensive due to the requirement of high agitation rate for dispersing bubbles and enhanced oxygen mass transfer. But highly shear sensitive nature of mycelial growth which is specifically dependent on agitation rate permits the utilization of impeller speed in optimized level (Ahamed and Vermette 2010) . In our case, optimum 120 rpm was maintained using Rushton turbine impeller for both batch and fed-batch mode of cultivation.
Compared to batch fermentation, fed-batch fermentation enabled improved cellulase titer with better soluble protein concentration and specific activity level. Up to 48 h of time interval in fed-batch cultivation mode, produced cellulase concentration was comparatively lower than the batch cultivation as mesocarp-based most-inducing component was gradually maintained comparatively at lower level up to that time period. But successive increase of such inducing parameter with first two 24 h of intervals through fed-batch feeding and maintaining initial glucose concentration at optimized growth promoting level influenced in improved mycelial growth and conjugated cellulase production after 48 h of fermentation. Cellulase concentration was measured as 9.58 g/l at 96 h (Fig. 7) and associated FPU and CMCase activities were analyzed as 54 FPU/ml and 93 U/ ml, respectively. In both batch and fed-batch process, final concentrations of coconut mesocarp were maintained at 35 g/l but improved mass transfer of oxygen with gradual increase of such lignocellulosic inducer concentration in fed-batch fermentation mode helps in achieving the better result. Comparatively higher concentration of such inducing lignocellulosic component at initial phase of batch cultivation comes up with rapid, first and heterogeneous mycelia growth which may leads to non-Newtonian fluid properties and partial oxygen-limited condition. Even uneven clumping of cells leads to reduced oxygen uptake rate and reduced enzyme release (Omojasola et al. 2008) . As a result it was observed that after 48 h of batch cultivation, enzyme production stops and its concentration remain almost in the same level, however, biomass growth still continues. For fed-batch fermentation, similar observation was noticed between 72 and 96 h of cultivation. The most possible reason behind such observation may be the presence of high glucose concentrations in media which lead to catabolic repression of cellulase production (Li et al. 2016) . Expression of cellulase genes more specifically β-glucosidases genes were inhibited by the presence of high glucose concentration (De Cassia Pereira et al. 2015) or even inhibited by the chances of slight increase in glucose concentration through initial degradation of mesocarp cellulose material by produced enzyme itself. Such limitations were systematically overcome up to 72 h by consecutive feeding of inducing component in fed-batch cultivation mode and it finally confronted with enhanced enzyme production (Hansen et al. 2015) . The achieved result in our case is comparable with the similar fed-batch cultivation study of cellulase by Trichoderma reesei RUT C30 (Li et al. 2016) . In this study, enhanced cellulase titer of 90.3 FPU/ml was achieved after 144 h of cultivation with continuous feeding of pure lactose as inducer. Utilization of low-cost bio-waste material such as coconut mesocarp-based lignocellulosic inducer for the production of higher titer cellulase production makes the overall process energy and capital friendly (Cen and Xia 1999) . Enzyme activity level achieved in our fed-batch fermentation study was better than enzyme activity level achieved by Rana et al. (2014) , where lignocellulosic material, peptone and glucose concentrations were maintained even at higher level in batch cultivation mode. Compared to some existing reported studies of cellulase production, our present achievements represent better titers of cellulase and its activity levels (Table 3 ). The presence of pure cellulase in the fermentation broth, generated during fed-batch fermentation, was confirmed from the FTIR analysis (Fig. 8) . The absorption band appeared in the range of 3337.96 cm −1 suggests the changes in the intensities of signals generated by hydrogen bonds arising from amine groups and hydroxyl groups in cellulase (Mishra and Sardar 2015; Zdarta et al. 2017) . The broad peak around 1635.71 cm −1 clearly indicates the amide one peak generated due to NH 2 scissoring and confirms the presence of cellulase (Mishra and Sardar 2015; Bohara et al. 2016; Zdarta et al. 2017) .
Conclusion
The present study has highlighted the design, analysis and optimization of the major nutritional growth parameters in the field of cellulase production from lignocellulosic waste resources such as coconut mesocarp. Coconut mesocarp was explored as natural inducer and suitable alternative of pure cellulose for commercial production of cellulase. For facilitating better microbial conversion of cellulase from such selected substrate, T. reesei (MTCC 164) was identified as most suitable organism. To achieve improved productivity and quality of cellulase, submerged fermentation strategies were implemented due to easier reactor operations with better process control. Production of cellulase under optimized nutritional conditions was arrived through the use of response surface technique in Design Expert Software (version 8.0.4). To further enhance the production of cellulase with maximum activity levels, fed-batch process was adopted by means of successive feeding of coconut mesocarp under established optimized conditions. The study opens an opportunity for cost-effective production of cellulase while ensuring clean environment and proper solid-waste management. The findings are likely to be very useful in the scale-up and design of industrial units representing most simplified but efficient commercial production process of cellulase. 
